In this study, two force platforms were synchronized to investigate the coordination of the right and left foot center of pressure (COP R and COP L ) and its relation to the COP NET in the control of 5 upright postures with and without visual information. The results revealed that the standard deviation (SD) of COP L , COP R , and COP NET progressively increased in the more challenging staggered and tandem stances, respectively, and to a lesser degree with the absence of visual information. Circular analysis of the relative phase of COP L and COP R revealed that the coupling pattern and variability were dependent on postural stances and the availability of vision. A negative correlation between the variability of the relative phase of the two feet COPs and the SD of the COP NET in the anterior-posterior (AP) direction was evident most strongly in the no vision conditions. Thus, the asymmetry of the mechanical constraints on the feet as a function of stance organize the coordination patterns of the feet COPs while the degree of adaptive variation between the feet COPs is dependent on both the mechanical constraints and the availability of vision.
To sustain standing posture the neuromuscular control system must support the body against gravity, stabilize the supporting elements of the body when other elements are moved, and ensure that the body is balanced through the vertical projection of the center of gravity lying within the base of support (Massion, 1994; Rothwell, 1993; Winter, 1995) . The primary variable that has been analyzed to investigate the control of human upright standing is that of the net body center of pressure (COP NET ) recorded from a single force platform (e.g., Goldie, Bach, & Evans, 1989; Murray, Seirewg & Sepic, 1975) . From this experimental set-up the control strategies of human upright standing posture have been inferred as ankle and hip control in inverted pendulum models (McCollum & Leen, 1989; Mergner, Maurer, & Peterka, 2003; Winter, 1995) .
The motion of the COP NET is a controlled variable determined by the collective average of the center of pressure of each foot (COP L and COP R ), the body weight loading of each foot and mediated by the availability of the visual, vestibular and somatosensory feedback (Winter, Prince, Stergiou, & Powell, 1993; Riccio, 1993; Horak, Nashner, & Diener, 1990) . Mizrahi, Groswasser, Susak and ReiderGroswasser (1989) recognized the limitation of using the single force platform for the measurement and modeling of postural motion. They conducted a series of experiments on the bilateral reactive force (i.e., resultant force vector of Fx and Fy) on healthy adults, stroke and craniocerebral injured patients and found that even the healthy subjects displayed different reactive force patterns during side-by-side stance indicating multiple levels of stabilizing activities on each foot. Winter, Prince, Frank, Powell, and Zabjek (1996) required the participants to stand with different erect postures by loading their body weight evenly on the two feet to isolate the contribution of the ankle and hip COP motions to the COP NET and found that different combinations of the ankle and hip mechanisms were evident with different postural positions.
The availability of visual information typically reduces the variability of postural COP NET motion as measured by the traditional linear techniques such as the traveling distance, area and the SD of the COP NET trajectory (Paulus, Straube, & Brandt, 1984; Newell, Slobounov, Slobounova, & Molenaar, 1997) . Recent experiments using diffusion analysis and other nonlinear methods have shown that the stochastic properties of the COP NET are reduced with eyes open (Collins & De Luca, 1995; Newell, 1998) . In a two-force platform protocol, Blaszczyk, Prince, Raiche, and Hébert (2000) found that limb load asymmetry was stronger in older adults than younger adults, and this effect was magnified in the absence of visual information. Similarly, Kinsella-Shaw, Harrison, and Turvey (2011) have shown that illumination of the visual environment influences (as reflected in cross-recurrence quantification analysis) the interleg dynamics of older adults more than young adults (see also Kinsella-Shaw, Harrison, Colon-Semenza, & Turvey, 2006) . However, the effect of vision on foot coordination dynamics with different postural stances has not been fully investigated.
The first aim of the current experiment was to investigate the coordination patterns of the foot center of pressures in the control of different upright postural stances and the availability of vision. We identify the coupling dynamics between the two feet COPs (COP L and COP R ) by analyzing relative phase. It was hypothesized that the different mechanical constraints of the postural stances (Kirby, Price, & MacLeod, 1987) and visual information (eyes open-EO/ eyes closed-EC-Blaszczrk et al., 2000) would lead to asymmetrical weight loading on each foot, which would induce different coupling patterns (as indexed by the mean of the relative phase) and variability (as indexed by the circular standard deviation of the relative phase) of the coordination of the COP L and COP R .
A second aim was to investigate the relation between the coupling dynamics of the two feet COPs to the COP NET . COP L and COP R are two peripheral degrees of freedom that have been traditionally summarized as COP NET . It was anticipated that the adaptive compensation of the individual COP L and COP R would induce stabilization of the performance variable-COP NET (Latash, Scholz, & Schöner, 2007) . From this perspective, we tested the hypothesis that the increased variability in the relative phase of COP L and COP R is directly related to the decreased amount of variability of COP NET and this relation would be strengthened without vision (Ranganathan & Newell, 2008; Hu, Loncharich, & Newell, 2011) and the increased challenge of less stable postural stances.
Methods

Subjects
Twelve subjects (6 female, 6 male), between the age of 25 and 35 years with no diagnosed musculoskeletal and balance pathology, participated in this study. All subjects provided informed consent to this project that was approved by the Institutional Review Board (IRB) of Pennsylvania State University.
Apparatus
The foot kinetic data were collected by two adjacent AMTI force platforms (Advanced Mechanical Technology Inc., OR6-5-1000) at a sample rate of 100 Hz. The platforms were calibrated and synchronized for data collection. In addition, the origin was set in between the two force platforms using a global coordination reference system. System noise was also estimated by measurement of platform variability from a rigid mannequin before actual data collection.
Tasks and Procedures
Five upright postures were investigated in this study (Figure 1 ). They were: feet side-by-side standing about hip width apart, staggered position (with either right or left foot forward) and tandem position (with either right or left foot forward and one foot directly in front of the other). Each posture was tested twice under both EO and EC conditions. Under the EO condition, participants were instructed to focus on a target, about human eye height level, 2 m in front of the force platforms. In the EC condition they were asked to keep their eyes closed and their head oriented straight ahead. There were 2 trials at each of the 5 postures × 2 visual conditions. Each trial was 60 s in duration. The conditions were randomly assigned to subjects and the 2 trials at each condition were blocked.
A piece of paper was spread flat on each force platform (one piece for each platform) and an outline of the subject's feet was traced for each stance allowing foot position to be accurately repeated for each trial of a stance. For each postural stance the participant was asked to stand with their feet at a comfortable distance apart in the stance required. The mean ± SD of foot distance in both directions (AP and ML) for each stance are reported in the caption of Figure 1 . The participants were instructed to stand with their arms relaxed by their sides and keep their knees straight during the testing. Data recording was initiated 5 s after the participants could balance themselves in the respective posture on the force platforms. A 15s break was given between each trial of a condition and there was a 1 min break between conditions. 
Data Analysis
Center of Pressure
The raw force (N) and moment (N.m) data were low-pass filtered by a 4th order double pass Butterworth filter with 10 Hz cut-off frequency. The COPs in the AP and ML directions were calculated independently for each limb (COP L and COP R ). The COP NET was derived from the COP L , COP R and ground reactions forces (Fz) under each limb based on the equation by Winter et al. (1993) :
COP t COP t Fz t Fz t Fz t COP t Fz t Fz t Fz t
where COP L (t) and COP R (t) are the center of pressure under the left and right foot, respectively, Fz L (t) is the vertical ground reaction force under the left foot and Fz R (t) is the vertical ground reaction force under the right foot. To make the data suitable for analysis of the relative phase the mean of the COPs was removed from the respective data.
COP Variability
This analysis focused on the SD of the COP L , COP R and COP NET trajectories as a function of postural stance and the availability of vision.
Ground Reaction Force
The ground reaction force ratio of the more loaded foot to the less loaded foot was calculated. According to this definition, the ratio will have a value greater or equal to one (when the body weight is evenly loaded on the two feet, the ratio will be one), which does not satisfy a normal distribution.
Coupling Between COP L and COP R
Hilbert transformed relative phase. The coupling effects between COP L and COP R, in both ML and AP directions, were quantified by the relative phase. There are problems in deriving relative phase from x vs. x  (position vs. velocity) state space for nonharmonic oscillations (Fuchs, Jirsa, Haken, & Kelso, 1996; Rosenblum & Kurths, 1998) , thus the relative phase of COP L and COP R was obtained via the Hilbert transform as follows: (2) Where S 
Test for Directedness.
To further process the circular data, the directedness of the angular distribution was measured first by Rao's (1976) spacing test which is a sensitive test for circular data distributed by unimodal, nonunimodal or multimodal patterns. The null hypothesis of Rao's test was that the sampled circular data are uniformly distributed (directionless). The null hypothesis could be rejected when p value less than α = 0.05 and, a conclusion can be drawn as the relative phase of ... )
( 5) where e 1 , e 2 , . . . e n are the relative phase circular data, m is the mean vector of the angular samples (with direction and value), r is a scalar which only represents the value of m, s 0 is the standard deviation of the relative phase (Mardia,1975) . Following Equations 3-5, if r approaches to zero, which could happen on directionless distributed data, the mean vector m tends to be unreliable both in direction and value. The standard deviation s 0 could also have a wide range of unreliable values (when r leans to zero, s 0 diverges to ∞). Thus, the directionless distributed relative phase time series (11 trials out of the total 480 trials) were excluded from the circular statistic analysis. In addition, note that the circular mean r can also approach to zero under the axial (the circular distribution with two equal and opposite modes), trimodal (the case that modes are 120° apart from each other) and quadri-modal (the modes are well 90° apart from each other) distributions. However, our datasets did not contain these particular patterns. As a result, the circular mean r and standard deviation s 0 calculated by the circular statistics are reliable for these directed angular data. Oriana 2.02e (Kovach Computing Services, Anglesey, Wales) software was used for the circular statistic analyses.
Coupling Effects. It was interpreted that the mean of a circular relative phase φ L (t) -φ R (t) distribution around 0° represents an in phase coupling between COP L and COP R whereas a distribution around 180° represents an antiphase coordination. A small s 0 indicates a tight or strengthened coupling whereas a large value reveals a more flexible coupling dynamics.
Statistical Analysis
COP Variability. The independent factors were postural stance and vision. The dependent variables were the SDs of COP L , COP R and COP NET in the AP and ML directions. For each dependent variable the average across the two trials was calculated. A 5 (posture) × 2 (vision) fixed-effect repeated-measures ANOVA for each COP was performed in these two directions. The Bonferroni post hoc test was used to determine the differences on all pairs of levels of independent variables. Only effects that were statistically significant at p < .05 are reported. Where Mauchly's test indicated violation of sphericity, the Greenhouse-Geisser estimate was used to provide a conservative test of ANOVA main and interaction effects.
Ground Reaction Force. The independent factors were postural stance and the availability of vision and the dependent variable was the ground reaction force ratio of the two feet. Due to the nonnormally distributed property of the data, Friedman's nonparametric test (also called the repeated-measures ANOVA for ranks, comparing three or more paired groups or levels) was conducted on the posture main effect. Post hoc comparison was tested by Wilcoxon single-ranked test on the different posture stance combinations. Bonferroni-adjusted significance level was 0.005 due to the 10 comparisons between postures. Thus, only effects that were statistically significant at p < .005 are reported. The vision main effect was analyzed by Wilcoxon single-ranked test because this factor has only two levels.
Coupling Between COP L and COP R . The independent factors were posture and vision. The dependent variables were the circular mean r and standard deviation s 0 of φ L (t) -φ R (t) in both AP and ML directions. The circular mean r of the φ L (t) -φ R (t) reveals different directional coupling patterns by which the participants used to maintain their balance whereas the circular s 0 reveals the strength of the coupling. Due to the circular property of r, Harrison-Kanji test (equivalent to the two-way ANOVA for the normally distributed linear data) was conducted to test the posture and vision main effects. The dependent variable circular standard deviation s 0 is linearly distributed, so a 5 (posture) × 2(vision) fixed-effects repeated-measures ANOVA was conducted. variation was larger than that of the COP L and COP R in side-by-side and staggered stances both with and without the availability of vision. In staggered stances, the front foot displayed the smallest COP SD followed by the rear foot and then the COP NET in both visual conditions. smaller than that of the COP L (M= .799 cm/s) and COP R (M= .828 cm/s) in the AP direction. The vision effect was prominent in all positions except the staggered right foot forward stance. Post-hoc analysis showed that the rear foot COP variation displayed the largest value followed by the front foot and COP net in the staggered stances. The SD of the COP net was significantly smaller than that of the front and rear foot. In the side-by-side stance, COP net variation was smaller in comparison with that of the COP R . Figure 5 shows the ground reaction force ratio as a function of postural stance and vision. There was a significant difference in the ground reaction force ratio depending on the postural stance, χ 2 (4) = 43.433, p = .000. The median ground reaction force ratio for the five postures were, side-by-side: 1.0245 (.9533-1.0992); staggered right foot forward: 2.3906 (1.4584-2.6400); staggered left foot forward: 2.0470 (1.8029-2.8177); tandem right foot forward: 2.3002 (1.8891-3.0953) and tandem left foot forward: 2.1313 (1.6439-3.2557). There were significant reductions in the ratio between the side-by-side stance to the other postures (side-by-side vs. staggered right foot forward: Z = -4.257, p = .000; side-by-side vs. staggered left foot forward: Z = -4.114, p = .000; side-by-side vs. tandem right foot forward: Z = -4.286, p = .000 and side-by-side vs. tandem left foot forward: Z= -4.286, p = .000). The vision effect was conducted by Wilcoxon Single-Rank Test indicating no significant difference between EO and EC conditions (Z = -1.185, p = .236).
Results
COP Variability
Ground Reaction Force
Coupling Between COP L and COP R
Test of Directedness. The distribution pattern of the relative phase φ L (t) -φ R (t) for each trial (480 trials in total: 5 posture × 2 vision × 2 direction × 2 attempts/ subject × 12 subjects) was classified using Rao's (1976) spacing test as either directed or directionless. Overall, 11 trials were detected as directionless.
Circular Analysis. Table 1 and Figure 6 show the mean and the 95% confidence interval of the COP L and COP R coupling across different postural × vision conditions in both AP and ML directions. The mean angles were consistently distributed around 0° in the AP direction and around 180° in the ML direction in side-by-side standing. However, in the staggered stances, the distribution of these mean angles switched to 0° in the ML direction and stayed the same as that in the AP direction. In the tandem postures, the mean angles were in-phase in the ML direction, but they were even more spread out in the AP direction revealing a wider range of coupling strategies between COP L and COP R in this postural stance. Vision did not show a significant main effect on the circular mean r (AP: χ 2 (8)= 4.460, p = .813; ML: χ 2 (2)= 2.854, p = .240). Figure 7 shows the circular standard deviation s 0 of the COP L and COP R relative phase in both AP and ML directions as a function of posture and vision. The main effect of posture was significant for both directions (AP: F (4, 40) = 21.674, p = .000 and ML: F (2.266, 22.662) = 3.826, p < .05). Post hoc analyses showed that, in general, the variability of the COP L and COP R coupling for the tandem stances was significantly higher than that for the side-by-side and staggered stances in the AP direction. However, the variability of the coupling for the tandem right foot forward stance was significantly lower than that of the side-by-side stance in the ML direction. The main effect of vision was significant only in the AP direction, F (1, 10) = 5.792, p < .05, that the circular s 0 of the φ L (t) -φ R (t) in EO condition was significantly higher in comparison with that in EC indicating a more flexible or less coupled strength with the availability of the visual information. Table 2 shows the Pearson correlation coefficients between the circular standard deviation s 0 of the COP L and COP R relative phase and the SD of the COP NET as a function of posture, direction of motion (AP-AP and ML-ML) and the availability of vision. This relation was negative in all but one condition with the effect stronger in the AP-AP no vision postural conditions.
Discussion
The experiment was set-up to investigate the coordination patterns of the COP dynamics of the two feet in the control of several erect postural stances under the availability or nonavailability of vision. The two-force platform protocol not only affords a measure of the center of pressure of each foot in addition to that of the COP NET but also provides the basis to examine the relation between the two feet coordination dynamics and the variability of the COP NET . The motion of the COP NET is a controlled variable determined by the center of pressure and the body weight loading of each foot according to Equation 1 (Winter et al., 1993) . Our results show that the coupling of the two feet COPs and the SD of the COP NET are mediated by different postural stances and the availability of visual information.
There were different foot center of pressure coordination patterns for different postural stances (Table 1 and Figure 6 ). According to Kinsella-Shaw et al. (2011) , interleg coordination was prevalent between the time series that were in the same direction. In our study, analysis of the foot COP coordination dynamics was only focused on the AP and ML directions. The findings showed that the side-by-side stance was dominated by a coordination pattern of the foot dynamics that had inphase and antiphase motion in the AP and ML directions, respectively. This finding parallels that of Winter (1995) who showed that COP NET in the AP direction is roughly the average of COP L and COP R as the body weight carried by each foot is about 50% while the COPs of the two individual feet in the ML direction oscillate in opposite directions. In contrast to the side-by-side stance, the staggered stances led to a greater range of the mean relative phase in the AP direction while the ML pattern was in-phase. The tandem stances showed multiple coupling phase relations in the AP direction while the ML direction showed a consistent in-phase pattern. There are several factors that could contribute to the different foot coordination patterns in the different postural stances. Firstly, the more challenged postural stances of the staggered and tandem foot positions led to an asymmetrical weight loading on each foot and a reduction in the stability of the base of support, especially in the frontal plane (Kirby et al., 1987) . The Fz ratio of the side-by-side stance was significantly lower than that of the other postures due to the difference of the spatial orientation of the feet in the staggered and tandem stances. The one foot leading the other postural configurations are commonly used in everyday life such as initiating a step into a gait cycle, or preventing a fall, stamping on a bug and so on (Peters, 1988) . During these activities, people intentionally load more body weight on their rear foot and less on their front foot so that the rear foot can stabilize the upper body and the front foot could search, explore the base of support boundaries or manipulate the foot motion.
Secondly, feet coordination dynamics could also be mediated by the neuromuscular constraints of the lower limb. In the current study, the challenge of the stance was reflected by the gradually increased spontaneous body motion in the ML direction that was especially pronounced in the tandem stances (Figure 4) . The AP motion of the COP NET is steadily "locked" by the front foot's plantarflexion and the rear foot's dorsiflexion whereas the ML motion of the COP NET was driven by the simultaneous contraction of the ankle invertor/evertor from the side-by-side to the staggered stance. The hip abductor/adductor may not play a main role during the staggered stance because it may lead to a body weight reloading between the two feet and induce an upper body perturbation. The tandem foot position failed to show a consistent coupling pattern across the participants in the AP direction in contrast to the consistent in-phase pattern in the ML direction. Collectively, these findings show that, it is not just that the staggered and tandem postures lead to higher SD of the COP NET (Goldie et al., 1989; Kirby et al., 1987) , but that there are different coordination dynamics associated with different two-footed standing postures.
The postural stance showed a significant main effect on the flexibility of the coupling between COP L and COP R (Figure 7) . In contrast to the classic absolute phase coordination (Haken, Kelso, & Bunz, 1985) , the foot coupling dynamics displayed relative coordination which gives rise to all possible relative phase relations (i.e., a relatively large circular SD) even though a common coupling relationship is still present. In general, in the more challenged stances the coupling variability was decreased in the AP direction whereas it was increased in the ML direction. However, only the difference between the tandem and the side-by-side stances in the AP direction and that between the staggered right foot forward and the sideby-side in the ML direction reached statistical significance. Thus, in addition to the increased coordination strategies in the more challenged stances, the variability of the coupling tended to be less consistent in the AP direction. Nonetheless, the more consistent coupling dynamics was associated with the decreased coupling flexibility of the two feet in ML direction.
The effect of visual information on the foot coupling dynamics and the Fz ratio was not as strong as the effect of postural stance but nevertheless there was an influence of visual information on postural control (Collins & De Luca, 1995; Woollacott, Debu, & Mowatt, 1987) , in terms of the amount of variability of the respective COP. The effect of visual information on the SD was most prevalent in the staggered and particularly the tandem posture for COP L , COP R and COP NET in the ML direction (Figure 4 ). This finding is consistent with the hypothesis of different weighting of the multiple sensory feedback based on the orientation of the upper body during quiet stance (Maki, Holliday, & Topper, 1994) . More specifically, the somatosensory feedback of the ankle joint, associated with the balance controlling in the AP direction, would be less weighted in the control of the lateral sway due to the increased weighting on the feedback from the plantar surface of the feet and the hip proprioception . Thus, the role of vision was stronger in the less stable postural coordination modes (Slobounov & Newell, 1994) .
In addition, the availability of vision led to more flexible coupling strategies (the s 0 of the relative phase between COP L and COP R ) in the AP direction of the foot dynamics ( Figure 7A ). Collins and De Luca (1995) proposed that visual input induces a muscle stiffness reduction across the joints of the lower limbs leading to lower levels of the stochastic activity of the open-loop control. Kinsella-Shaw et al. (2011) found that older adults exhibited greater interleg dynamical stability than that of the young participants due to the progressive decline of both feedforward and feedback postural control. Our results from the manipulation of visual information support this claim in that without visual information the flexibility of the foot coordination dynamics decreased, especially in the AP direction.
However, visual information was not an influential factor in determining the postural foot coordination patterns (the mean of the relative phase between the two feet COPs) and the asymmetrical weight loadings during the quiet stances. When the challenge of the postural stance is increased, visual information might not be as an effective source of feedback as that of the feet cutaneous and somatosensory inputs (Sasaki et al., 2002) . The asymmetrical loading effect between EO and EC, which positively associates with the amplitude of the postural sway, is more pronounced for the older adults (Blaszczyk et al., 2000) .
There were negative Pearson correlation coefficients between the strength of dynamical coupling and the SD of the COP NET that varied as a function of posture, direction of the COP motion and the availability of vision. In general, the correlations in AP-AP EC conditions were the most statistically significant in terms of an inverse relation between the variability of the foot coordination dynamics and that of the COP NET . In other words, the coupling strength of the COP L and COP R increases without vision inducing a increase of the variability of the COP NET . A possible reason for the nonsignificant correlations shown in the other conditions is that the COP NET is determined by the center of pressure and the body weight loading of each foot COP L and COP R . The asymmetrical loading could also influence the SD of the COP NET , especially during the staggered and tandem stances. Further research needs to examine how these correlations between the coupling dynamics and the variance of the COP NET are mediated by the influence of different foot positions; or, with evenly distributed body weight and the gradually unevenly loaded body weight on each foot with the same postural stance.
In summary, the two-platform protocol reveals features of postural coordination and control that cannot be discerned from the single force platform experimental protocol. Different two-footed postural stances have different qualitative foot coordination patterns of center of pressure dynamics (indexed as the mean and SD of the relative phase) and different quantitative relations between foot coupling variability and the SD of COP NET . This central finding on foot postural coordination patterns leads to different quantitative influences on the standard postural variables such as vision and direction of motion on the COP NET . It appears that the benefits of investigating the relations between the qualitative and quantitative properties of the dynamics in movement tasks (Kelso, 1995) hold also in consideration of postural tasks. The impact of this theoretical approach can be enhanced by the simultaneous consideration of the motions of the torso and limb dynamics (Hsu, Scholz, Schöner, Jeka, & Kiemel, 2007; Krishnamoorthy et al., 2005) with the individual foot center of pressure dynamics.
